Addition of sodium glyoxylate to spinach ( Spinacia oleracea) chloroplasts undergoing photosynthetic incorporation of 14co2 was inhibitory under conditions-of both low (400 ppm) and high (9 mM) C02 concentrations.
This suggested that glyoxylate inhibited photosynthetic carbon metabolism indirectly by decreasing the reducing potential (ferredoxin red/ferredoxin 0 x and NADPH/NADP) of chloroplasts by reduction of the supplied glyoxylate to glycolate. This hypothesis was supported by experiments in which reduction of 14C-glyoxylate by photosynthetically active chloroplasts was measured. Incubation of isolated mesophyll cells with gluoxylate had no effect on net photosynthetic C02 uptake but increased labeling was observed in 6-P-gluconate, a key indicator of decreased reducing potential of chloroplasts. The possibility that glyoxylate is effecting photosynthetic metabolism by decreasing chloroplast pH cannot be excluded. Increased ribulose-1,5-bis-P labeling and decreases in P-glyceric acid and glycolate labeling upon addition of glyoxylate to chloroplasts suggested that ribulosebisphosphate carboxylase and oxygenase might be affected either indirectly .or directly by glyoxylate inhibition.
Glyoxylate decreased labeling from 14co2 into glycolate and glycine in isolated mesophyll cells but had no effect on net 14co2 fixa~ion. Glutamate had no effect on photosynthetic metabolism in chloroplast preparations but did increase 14co2
incorporation by 15% in isolated mesophyll cells under air levels of C02.
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Page 5 Glyoxylate has been reported to increase net photosynthetic C02 incorporation in tobacco leaf discs by decreasing glycolate synthesis and photorespiratory metabolism (14, 15) . No effect of glyoxylate on ribulosebisphosphate carboxylase actively was found (15). There are now reports (4) that glyoxylate directly inhibits ribulosebisphosphate carboxylase/oxygenase in vitro. Both carboxylase and oxygenase activities are affected.
Glyoxylate may also affect phtosynthetic carbon metabolism through its action as a weak acid (5). Inhibition of photosynthesis by decreases in pH might be expected in experiments using isolated chloroplasts or protoplasts in which glyoxylic acid could enter the chloroplasts more rapidly.
Glyoxylate can also be reduced by the action of ·gtyoxylate reductase, located in both the· chloroplasts and peroxisomes. This enzymic reduction of glyoxylate to glycolate could significantly lower the reducing potential (NADPH/NADP) of chloroplasts upon the addition of glyoxylate.
In earlier experiments we examined the effects of glycine hydroxamate, an inhibitor of the photorespiratory conversion of glycine to serine, on photosynthetic metabolism in spinach mesophyll cells ( l 0 Chloroplast Isolation and Photosynthetic llfc02 Fixation •. Photosynthetically active chloroplasts were isolated as previously described (6). A chloroplast suspension at 1.54 mg chi mt-1 was prepared immediately prior to initiation of 14co2 · incorporation. The assaying media during fixation contained 0.33 M sorbitol, 2 mM KN03, 2 mM disodium EDT A, 1 mM MnCI2, 1 mM MgCl2, 0.5 mM K2H P04, 1 mM NaCl, 50 mM HEPES pH 7.6, 1.5 mM pyrophosphate, and 2 mM isoascorbate.
Chlorophyll was determined by the method of Arnon (1).
Photosynthetic 14co2 fixation was carried out in stoppered 5 ml round bottom flasks at 200C and 650 )JE m -2 s -l in a rotary shaker-water bath illuminated from below (11) Chloroplast suspensions, 50)Jl, were added to the flasks to make a 1 fol ,<fi ·~ Page 7 ml volume, initiating 14co2 incorporation at a final concentration of 76 pg chl ml-1.
Samples of 100 )ll were taken at 5,9,13,19, and 25 min after initiation and put into 400 pl absolate methanol. Glyoxylate, glutamate, or water, 20 pl, was added to the flasks after 10 min to give a final concentration of 5 mM. "High C02'' flasks had NaH14co3 at a final concentration of 9.15 mM (specific radioactivity 16.3 pCi pmoi-1 ), added before initiation of photosynthetic incorporation. "Low C~" flasks were connected to a closed steady-state gas circulation system as previosuly described (19).
These flasks had 1,000 U of carbonic anhydrase added at the start of co 2 gassing and 5 minutes before initiation of C02 fixation. The "low C02'' gas. mixture contained 400
}111-1 14co2 (specific radioactivity 11.2 J.ICipmol-1) and 21% 02.
Mesophyll Cell Isolation and Photosynthetic 14c02 Fixation. MesophylJ cells were isolated, stored, incubated and assayed for 14co2 fixation as described previously (9). The day-long storage of the cells improved their photosynthetic characteristics by avoiding the metabolic stress following their isolation (17). The cells were allowed t9 fix 14co2 at 2ooc under either "high C02'' conditions of 9.15 mM NaH14co3 (16.3 ~Ci pmol-1) or "low C0 2 " conditions using a gas flow mixture of under conditions identical to those described above under "Chloroplast isolation and Photosynthetic 14co2 Fixation" in "high C02'' except that the label was in 14 cglyoxylate instead of 14 co2 • The flasks contained 99 }Jg chi ml-1. Initial 14co2 fixation rates of 87 }Jmol C02 mg chl-1 h-1 were observed in control flasks.
Labeled glycolate was separated from 14c-glyoxylate by sending the samples through Dowex-l-X8-acetate (100-200 mesh, Biorad Laboratories) anion exchange columns (8.8 em high by 0.7 em diameter). After washing with 10 ml water glycolate was eluted with 2.5 ml 4 N acetic acid. A fraction of 8.6 ml 4 N acetic acid was then collected before the glyoxylate was eluted in 1.5 ml of 1 N HCL.
Glyoxylate inhibited photosynthetic 14co2 incorp~ration into chloroplasts under conditions of both "high" and "low" C02 ( Fig. 1 ). Net 14co2 fixation was almost halted at air levels of C02. Labeling into almost all metabolites decreased in ..
the presence of glyoxylate. Labeling decreased in glucose-6-P, fructose-6-P ( Fig. 2 ), P-glyceric acid, glycolate ( Fig. 3) , P-glycolate, dihydroxyacetone-P, P.-enolpyruvate, sedoheptulose-1,7-bis-P, pentosemonophosphates, and most amino acids (data not shown). Labeling into . 6-P-gluconate, fructose-1,6-bis-P, and ribulose-l,~bis-P increased upon.the addition of glyoxylate. Labeling of aromatic amino acids (tyr, try, and phe) was unchanged upon addition of glyoxylate under high C02 conditions.
The metabolism of [l-l4cJ glyoxylate }:)y chloroplast preparations was analyzed in an attempt to quantitate r~tes of enzymatic glyoxylate reduction to glycolate.
Initial rates of glycolate formation from g1yoxy1ate were 6.7 )Jm01 mg chl-1 h:-1 (~ 5%).
This rate of g1yoxylate reduction was observed when the photosynthetic 14co2 incorporation rates were 33 ~ 7 pmol co 2 mg chl-1 h-1. The glyoxylate rates probably represent a minimum value in that no correction for nonenzymatic decarboxylation. of ·[t, .. l4c]glyoxylate was made.
Preincubation of spinach mesophyll cell.s with glyoxylate had no significant effe~t on net photosynthetic 14co2 incorporation (Fig. 4) . Labeling of most metabolites was unaffected by glyoxylate. 6-P-gluconate labeling increased significantly (Fig• 4 ) and glycine and glycolate labeling decreased (Fig. 5 ). The ·intracellular concentrations of amino acids were insignificantly affected by glyoxylate (Table I) . Even the concentration of glycine, which could be derived from g1yoxylate via glutamate:glyoxylate or serine:glyoxylate aminotransferases, was unchanged ( Table   I) .
Glutamate had no effect on chloroplast 14co2 fixation or the relative labeling of chloroplast metabolites. Preincubation of spinach mesophyll cells with glutamate, compounds which increased in labeling were i~dicative of regulatory sites of glyoxylate action. The increased labeling of 6-P-gluconate along with decreased labeling to glucose-6-P (Fig. 2) indicated that glucose-6-P dehydrogenase was activated by addition of glyoxylate. Activated dehydrogenase and increased levels of 6-P-gluconate are key indicators that the oxidative pentose phosphate pathway is being activated (3). This pathway is activated in chloroplasts under conditions of lowered reducing potential (ferredoxinred/ferredoxinox and/or NADPH/NADP) in a response to produce NADPH nonphotosynthetically. The observed activation of the pentose phosphate pathway may be an indication that the chloroplast NADPH/NADP ratio was significantly decreased by the action of glyoxylate reductase on glyoxylate.
However, glucose-6-P dehydrogenase is also partially activated by lower pH (12), which suggests that pH may also be a primary transmitter of glyoxylate activation .of the oxidative pentose phosphate pathway.
Labeling of fructose-1,6-bis-P increased while fructose-6-P labeling decreased upon addition of glyoxylate (Fig. 2) . These observations are consistent with those of others (5, 13) and are indicative of fructosebisphosphatase inhibition. Such an inhibition of the· bisphosphatase could be due to either decreases in the reducing activity, an inhibition of fructosebisphosphatase could result in lower net labeling of sedoheptulose-1,7-bis-P due to decreased synthesis rates from fructose-6-P which decreased markedly in labeling upon glyoxylate addition (Fig.2) e
The above metabolite perturbations by glyoxylate could be due to changes in pH, reducing potential, or a combination of the two. In order to examine whether a significant proportion of the added glyoxylate was being reduced to glycolate, 14c-glyoxylate metabolism was followed under conditions identical to 14co2 fixation under "high C02''· The rate of glyoxylate reduction was estimated to be about 20% the rate of 14co2 incorporation. The absolute rates of glyoxylate reduction observed were similar to those obtained by Mull1gan et al (13) when feeding [i-14cJ glyoxylate to chloroplasts. This relative rate of glyoxylate reduction could be sufficient to decrease the chloroplast NADPH/NAPH ratio and cause the observed effects on fructosebisphosphatase and glucose-6-P dehydrogenase activities. However, the possibility that pH affects these activities upon addition of glyoxylate can not be excluded.
Glyoxylate reportedly inhibits spinach ribulosebisphospha te carboxylase/oxygenase activity directly in vitro (4)e. Glyoxylate is competitive with ribulose-bis-P and is not selective against carboxylase or oxygenase activities. We observed increased incorporation of label into ribulose-1,5-bis-P and decreased labeling into 3-P-glycerate and glycolate upon addition of glyoxylate to chloroplasts under both high and low C02 conditions (Fig. 3) . These changes would be consistant with an inhibition of ribulosebisphosphate carboxylase/oxygenase activity. This inhibition could be the result of direct glyoxylate interaction or inhibition by increased NADP levels (2). Mulligan, Wilson, and Tolbert observed lower ribulose-1,.5-bis-P ..
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Page 13 levels (measured enzymatically) in glyoxylate treated spinach chloroplasts (13). Since both the regeneration of ribulose-1,5-bis-P (via the inhibited fructosebisphosphatase reaction) and the utilization of ribulose-1,5-bis-P (carboxylase/oxygenase) are effected by glyoxylate addition, either an increase or a decrease in ribulose-1,5-bis-P could result, depending on the balance between formation and utilization.
Incubation of isolated spinach mesophyll ceUs with glyoxylate had no effect on net photosynthetic lllco2 incorporation rates (Fig. II) . Labeling into 6-P-gluconate, however, increased significantly ~Fig.ll). The increased 6-P-gluconate levels again suggested that the reducing potential of the chloroplasts was affected by glyoxylate •.
It is less likely that the increase of 6-P-gluconate observed in cells was due to pH changes brought about by glyoxylic acid transport into chloroplasts.
Labeling of most other metabolites was not significantly perturbed by glyoxylate addition. Glycine and glycolate labeling, however, were lower in mesophyll cells treated with glyoxylate ( Fig. 5 ) Such decreases are· consistent with the inhibition of photorespiratory metabolism by glyoxylate in tobacco leaf discs (15) but inconsistent with glyoxylate's purported inhibition of the conversion of glycine to serine in· mitochondria (18) . The decrease in glycolate and glycine labeling may be due to direct inhibition of ribulosebisphosphate carboxylase/oxygenase or indirect inhibition by decreased reducing potential resulting in decreased regeneration of ribulose-1,5-bis-P as described above. Since ribulose-1,5-bis-P and fructose-1,6-bis-P are insufficiently labeled during spinach cell lllco2 incorporation experiments, analysis of glyoxylate effects on the above possibilities could not be determined.
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Glutamate Effects. The addition of glutamate had no significant effect on photosynthetic 14 co 2 incorporation by spinach chloroplasts under both low and high co 2 conditions. Glutamate, presumably, could have acted as a weak acid and decreased stromal pH, inhibiting photosynthetic metabolism as described above for organic acids (5). However, since glutamate is an amino acid, its transport into the chloroplasts could be mediated by an exchanger with glutamine or 2-oxoglutarate.
Such exchanges might be expected due to photorespiratory nitrogen metabolism as described by Keys et al (7). Therefore, the lack of a glutamate affect on chloroplast photosynthesis may have little bearing on the mode of action of glyoxylate inhibition.
Spinach mesophyll cells incubated in glutamate did increase their net 14co2
fixation rates by 10 to 1596 under conditions of low C02 (air levels, Fig. 4 ).
Photosynthetic fixation was unaffected by glutamate under high C02 conditions.
'
These results are consistant with the increased photosynthetic rates observed in tobacco (16). However, photorespiratory metabolism was apparently not inhibited in our cells as reportedly it was in tobacco. Glycine labeling (Fig. 5) Regulation of carbon metabolism by pH could also account for the observed effects.
Such a pH dependent mechanism is less consistent with our observed changes in 6-P- 14 Effects of glyoxylate on photosynthetic C incorporation into fructose--1,6-bis-P, fr.uctose-6-P, 6-P-gluconate, and glucose ... 6-P by spinach chloroplasts. Conditions were as described in Fig. 1 . The metabolites were separated and analyzed as described under "Materials and Methods". 
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